Vertebral artery arteriovenous fistula (VAVF) is mostly known as a post-traumatic and/or iatrogenic arteriovenous complication. However, spontaneous high-flow VAVF associated with flow reversal in the basilar artery has not been reported in children. We describe a unique asymptomatic presentation of a spontaneous high-flow VAVF associated with flow reversal in the basilar artery in a pediatric patient. The literature for classification, pathophysiology, treatment strategies, and post-procedural complications is also reviewed.
Introduction
Vertebral artery arteriovenous fistula (VAVF), a sub-type of extradural arteriovenous fistula (AVF), is a simple or complex direct communication between the extracranial portion of the vertebral artery and neighboring venous plexus (epidural and paravertebral veins) most prominently at the C1-C2 and C6-C7 levels 1, 2 . VAVFs are relatively rare and have been reported in association with connective tissue diseases including fibromuscular dysplasia, neurofibromatosis, Ehler-Danlos syndrome, and Marfan's syndrome [3] [4] [5] . Although VAVFs are commonly encountered in adults secondary to post-traumatic and/or iatrogenic arteriov-enous complications, spontaneous and congenital VAVFs have rarely been described in the pediatric population 2, 6, 7 .
Reversal of flow in the basilar artery is exceptionally uncommon and has been described in rare complicated cases of intracranial vertebral artery dissections 8 , vertebrobasilar occlusions 9 , giant cell arteritis 10 , bilateral subclavian steal phenomenon 11 , and post-traumatic/iatrogenic VAVFs in adults 12 . We present a unique pediatric case of a high-flow VAVF causing basilar flow reversal requiring endovascular treatment with coil embolization.
Case Report
History and examination. An eight-year-old boy presented to the emergency department with fever and lethargy. During routine physical examination, a prominent pulse was palpable and a bruit was auscultated on the right side of the neck. The patient denied headache, neck pain, tinnitus, vertigo, hoarseness, or focal neurological deficits. His neurological, respiratory, and cardiac examinations were normal. No history of trauma to the head and neck area or family history of connective tissue disorders was noted.
On MRI head and neck studies an extradural AVF was suspected at the level of the distal V3 segment draining into the adjacent right verte- sociation with significant clinical symptoms 2,7,14 , versus spontaneous diagnosis in older age groups especially in the pediatric population and may be asymptomatic 4, 6, 15 . Congenital and spontaneous VAVFs in the pediatric population most often occur at the C1-C2 level and the embryonic proatlantal system has been implicated in the evolution of these lesions 1 . Lower cervical spontaneous VAVFs occur in an older population, are usually low-flow lesions, and are more common in patients with underlying connective tissue disorders [3] [4] [5] . In a review of 47 cases reported by Kondoh et al., VAVFs were classified into three types based on their hemodynamic features: 1) lesions supplied from the parent vertebral artery with antegrade flow; 2) lesions with retrograde supply from the contralateral vertebral artery; 3) lesions supplied from the contralateral vertebral artery and concurrent steal from the internal carotid arteries via basilar artery retrograde flow into the parent vertebral artery which have been rarely described 12 . Although 30% of patients are symptom-free at the time of diagnosis, a pulsatile bruit over the neck with tinnitus comprise the most common findings in patients with VAVFs 16 .Congenital or spontaneous highflow VAVFs can be associated with steal phenomenon and vertebrobasilar insufficiency resulting in transient ischemic attacks of diplopia, vertigo, and ataxia 16, 17 . Cardiac decompensation leading to high-output congestive heart failure resulting from high-flow VAVF is more common in the congenital and pediatric population 2, 6, 14, 18 . Additionally, as a subtype of spinal extradural AVF, VAVFs may cause local mass effect with radiculopathy, venous congestion with spinal cord/medullary ischemia, or subarachnoid hemorrhage particularly in adults.
Conservative management has been described in antegrade-flow, minor VAVF in the absence of disabling clinical symptoms 20 . Highflow lesions are most commonly associated with retrograde flow in the parent vertebral artery, gradually worsening and leading to symptomatic presentations, particularly in children 17 . The ultimate goal of various treatment strategies is the permanent occlusion of the fistula and preservation of the ipsilateral vertebral artery which is a considerable challenge in surgical approaches particularly in high-flow lesions and in patients with underlying vascular dysplasia. In addition, a wide surgical dissection is usually required to achieve adequate proximal and distal access, especially if the lesion occurs varix. Occlusion of the venous varix was performed using detachable platinum (Cosmos, Hydrocoil, Microvention, Tustin, CA, USA) and pushable fibered (Nester, Cook, Bloomington, IN, USA) coils and was continued retrograde into the adjacent dilated and patulous segment of the right vertebral artery (Figure 3) . Multiple control DSA images demonstrated no evidence for a residual VAVF.
Postoperative course. Following embolization, the patient was left intubated and sedated for 18 hours in the pediatric intensive care unit (PICU) for strict hemodynamic control and prophylactic heparin infusion. Jugular pulsation and blood pressure were strictly monitored with nicardipine infusion to maintain a 25% reduced mean arterial pressure (MAP) of 50-60 mmHg. Subsequently, the patient was extubated and weaned off the nicardipine, remaining normotensive. The patient complained of visual disturbance soon after the sedation was terminated. However, the visual impairment completely resolved within 36 hours following embolization. The patient's hospital course was uncomplicated and he was discharged on postembolization day 2. In follow-up visits, no abnormal sign or symptom was noted. Follow-up DSA and time-resolved MR angiography after embolization confirmed the reconstitution of the right vertebral artery with antegrade flow into the basilar artery and complete resolution of the fistula (Figure 4 ).
Discussion
Reversal of basilar artery flow is an uncommonly described entity, and indicates both very high-flow AV shunting and patent posterior communicating arteries to compensate for vertebrobasilar insufficiency [8] [9] [10] [11] 13 . Although reversed basilar flow has been associated with significant neurological symptoms in patients suffering from subclavian steal phenomenon 11 , it may be asymptomatic as in our case and emphasizes the robust collateral network often present in children. Furthermore, we have not been able to identify a prior pediatric case documenting a high grade VAVF with basilar artery flow reversal in the available medical literature. VAVFs commonly develop secondary to traumatic or iatrogenic etiologies 2, 7 . In rare instances, in the absence of an identifiable traumatic or iatrogenic cause, VAVFs may be congenital, detected immediately after birth in as-According to the "normal perfusion pressure break-through" (NPPB) phenomenon described by Spetzler et al. in 1978, the vascular autoregulation mechanism in the chronically hypoperfused cerebral tissue downstream to an arteriovenous shunt with significant steal is impaired. This leads to the failure of regional CBF adjustment and excessive perfusion pressures following sudden restoration of the normal blood flow causing cerebral edema or even hemorrhage 27 .
In 1993 Al-Rodhan et al. challenged this hypothesis, proposing the "occlusive hyperemia" theory 28 . They suggested edema and/or hemorrhage may develop secondary to passive hyperemia caused by venous outflow obstruction in the cerebral tissue adjacent to an AVM in addition to stagnant blood flow in the previous fistula's arterial feeders. Subsequently, Young et al. demonstrated the normal function of the cerebral autoregulatory system in patients with NPPB-like complications 29 . In addition, it has been demonstrated that increased CBF following treatment is not limited to the region adjacent to the lesion 30 . In this regard, Kondoh et al. described massive multifocal edema and hemorrhage immediately after endovascular occlusion of a high-flow VAVF leading to the patient's death 12 . Leftward adaptive displacement of the autoregulatory curve in which the normal pressure exceeds the upper limits of shifted autoregulatory capacity proposed by Young et al. seems to be the most evidencebased explanation for these post-treatment complications 30 . Although we did not encounter any critical neurovascular or cardiovascular complication immediately following restoration of normal blood flow in the vertebralbasilar arteries, the patient was kept intubated and sedated in the PICU for close hemodynamic monitoring and tight blood pressure control aimed at maintaining the MAP at 50-60 mmHg. The patient's transient visual complaints appeared to be related to his recent sedation; however, they may theoretically have been due to transient posterior circulation hyperemia and delayed completion of autoregulation.
Conclusion
A methodical angiographic and interventional technique, an understanding of complex AVF anatomy, and post-procedure manage-at the C1-C2 level 21 . Endovascular embolization has been accepted as the primary treatment for VAVFs 16 .Using latex detachable balloons and detachable coils, complete resolution of the lesion preserving the vertebral artery involved has been achieved in 25%-95% of VAVFs in multiple reported case series 16, 20, 22 . In addition, stent grafts 18 , liquid embolic agents including N-butyl-cyanoacrylate 7,14,21 and Onyx 23 have been utilized for endovascular embolization of VAVFs in recent years. Endovascular embolization utilizing detachable coils and latex detachable balloons via the ipsilateral and/ or contralateral vertebral artery has been the most described and feasible technique for occlusion of the high-flow VAVFs, particularly in the pediatric population 2,6,24 . Using platinum detachable coils, compact and stable occlusion of the recipient venous varix can be achieved with excellent results. Detachable platinum coils avoid the risks of unintended distal migration of a liquid embolic agent into the distal draining veins of high-flow lesions or embolic reflux into the vertebral-basilar system 24 . Cardiac decompensation may develop during the evolution of the high-flow VAVFs in children. Cardiovascular complications due to the sudden hemodynamic changes in vertebral blood flow may be encountered following treatment; thus strict hemodynamic and blood pressure monitoring is mandatory in the neurointensive care unit following treatment. Nakstad et al. reported a remarkable cardiovascular reaction in a seven-year-old girl following the endovascular embolization of a high-flow VAVF with steal from the contralateral vertebral artery 6 . They encountered a considerable rise in systolic blood pressure (from 110 to 180 mmHg) and heart rate (200 beats per minute) lasting for a week that was eventually controlled by administration of various vasodilator agents. Additionally, neurological dysfunction is possible in longstanding VAVFs with chronic steal from the vertebrobasilar system, posing risks for autoregulatory dysfunction and/or reperfusion injury 12 . Adverse neurovascular ischemic events following abrupt occlusion of several VAVFs have been described by Halbach et al., which were resolved by staged closure of the fistulas 25 . However, phrenic nerve paresis following staged coil embolization of a VAVF leading to severe pneumonia and death has also been reported 19 . In addition, immediate and delayed spinal cord ischemia following obliteration of the VAVF have been described 4, 26 . treatment of high-flow VAVFs with significant steal. ment play a pivotal role in obtaining technical success and minimizing complications in the
